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Abstract
We present magnetization measurements performed on a SrCo2Ti2Fe8O19 single crystal. The 
compound orders magnetically at 768 K and undergoes order-to-order magnetic phase transition at 380 
K. Magnetic properties are almost isotropic around room temperatures with very low hysteresis with 
coercive field lower than 2.0(1) × 10-3 T and with remnant magnetization lower than 0.22 μB/f.u. (1.08 
Am2kg-1) for magnetic fields applied along main crystallographic directions. Frequency-dependent 
anomalies related to complex spin dynamics of the system were observed in the temperature range 
from 20 to 100 K. 
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1 Introduction 
An increasing degree of interest has been paid to hexaferrites since their discovery in 1950s due to 
their interesting magnetic, ferroelectric and multiferroic properties which determine high application 
potential of these compounds. Nowadays, there are several families of hexaferrites known: M-type 
(for example AFe12O19); Z-type (for example A3Me2Fe24O41); Y-type (A2Me2Fe12O22); W-type 
(AMe2Fe16O27), X-type (A2Me2Fe28O46) and U-type (A4Me2Fe36O60); where Me stands for bivalent 
metal ion and A means alkaline metal atom, mostly Ba, or Sr [1]. Details of the crystal structure of all 
types of hexaferrites can be found elsewhere [1]. 
SrFe12O19 is a typical M-type ferrite, which orders magnetically at 737 K [2]. It has large 
magnetocrystalline anisotropy constant (K1 § 106 erg/cm3) [3], making it a suitable compound for the 
industrial production of non-Rare earth based permanent magnets. Magnetic properties of SrFe12O19
                                                           
* corresponding author 
Physics Procedia
Volume 75, 2015, Pages 259–265
20th International Conference on Magnetism
Selection and peer-review under responsibility of the Scientiﬁc Programme Committee of ICM 2015
c© The Authors. Published by Elsevier B.V.
259
depend sensitively on the method of the material synthesis. For example, coercive field Hc is reported 
in the range 2937 – 5607 Oe, depending on the preparation route [4, 5]. Since the compound does not 
melt congruently [6], the most common preparation methods are sol-gel [5], hydrothermal [7], 
coprecipitation [2], or the combustion method [8]. The doped compound SrCo2Ti2Fe8O19 was prepared 
only in polycrystalline form [9], or as a thin film [10] and in our case the crystal was prepared by 
traveling solvent method [11]. 
The Co-Ti substitution in M-type hexaferrites alters the magnetocrystalline anisotropy from the 
easy axis anisotropy for parent compound to easy plane anisotropy for high Co-Ti substitutional 
compound [12]. In the substituted compound, Co2+ ions prefer to occupy octahedrally coordinated 4f
and 12k Wicoff positions and nonmagnetic Ti4+ ions substitute on the 12k crystallographic positions, 
which interrupt the magnetic interactions between the basic building blocks of M-type hexaferrite 
[13]. This interruption of the magnetic interactions is responsible for the switching between the easy 
axis and easy plane magnetocrystalline anisotropy. Doped compound SrCo2Ti2Fe8O19 is in between 
the easy axis and easy plane configuration, which may lead to negligible anisotropy in the material. In 
this critical concentration the electric control of magnetism at room temperature was reported [9], 
which would revolutionize the field of low-power magnetoelectric devices. In our paper we report 
magnetic measurements which were performed on a single crystal with particular emphasis on 
manifestation of the magnetocrystalline anisotropy.  
2 Sample preparation and experimental setup 
According to the SrO-Fe2O3 quasibinary phase diagram [6], SrFe12O19 melts incongruently at 
atmospheric pressure. That is why the preparation of this compound can either be by flux method or 
travelling solvent method with a proper solvent. Alternatively, one can alter the quasibinary phase 
diagram by increasing the oxygen pressure above 40 bar, where SrFe12O19 melts congruently. For Co 
and Ti – doped compound we expect a similar phase diagram as for the undoped compound. That is 
why the crystal growth of SrCo2Ti2Fe8O12 followed the high pressure preparation route [11]. Details of 
the crystal growth route: the floating zone crystal growth apparatus URN-2-ZM [14] was used for 
crystal growth, feed rod was prepared by common ceramic technology but before crystal growth it was 
pre-melted by floating zone on high linear speed, single crystalline seed with orientation of the 
hexagonal plane along the vertical axis was used, typical crystal growth speed of 4-6 mm/h and 
oxygen pressure of 40-60 atm.  During the growth process the crystal was annealed at 1000 oC. The 
phase content of the single crystal was controlled by digital X-ray diffractometry. The crystal quality 
was estimated via a digital Laue system XR NTX –Photonic Science and X-ray topography. 
Magnetization measurements were carried out on Quantum Design MPMS and PPMS apparatuses. 
In the PPMS apparatus we have used the oven environment, which allowed us to perform 
measurements in the whole temperature range 2 – 1000 K and in this case we have applied magnetic 
field along a-axis. The measurements in MPMS were performed in temperature interval 2 – 400 K and 
with applied magnetic field along a-axis; c-axis and along (110) crystallographic direction. The mass 
of the samples was in all cases between 18 and 20 mg. In all cases we have used bar-shaped samples, 
where the dimension along the applied magnetic field was almost three times larger than the remaining 
two dimensions. This led to very low demagnetization factor; however, we have corrected the 
magnetization data with respect to demagnetization factor. 
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3 Experimental results and discussion 
Zero-field cooled (ZFC) and field-cooled (FC) curves {Figure 1 a)} revealed that the compound 
orders magnetically at elevated temperature. We define the ordering temperature as minimum in 
dM/dT; thence Tord = 768 K. This magnetic ordering is slightly higher than the magnetic ordering of 
the parent compound SrFe12O19; Tord parent = 732 K [1] and it is also higher than the ordering 
temperature Tord poly = 740 K reported for samples prepared by solid state reaction [9]. Additional 
effects on ZFC-FC curves are two crossovers; at Tcross1 = 399 K and Tcross2 = 325 K (Figure 1) and a 
steep increase of the magnetization below 400 K which point to changes in the magnetic structure at 
T1 = 380 K. Based on the electric polarization results [9], we ascribe this transition to transition from 
collinear (presumably ferrimagnetic) magnetic structure to some non-collinear magnetic structure 
which is accompanied by a spontaneous electric polarization [9]. 
The relatively high Curie temperature gives the material an application potential, but for practical 
purposes, a detailed understanding of the magnetic behavior below T1 is required. For these purposes 
we have performed the ZFC-FC and magnetization vs. magnetic field {M(B)} measurements around 
room temperature. The ZFC-FC curves measured in the way that the sample is not heated to 
paramagnetic region, but only above T1 {Figure 1 b)} exhibit no crossover at Tcross2. That is why this 
second crossover is probably an effect of the magnetic history of the sample and/or it is some type of 
extrinsic effect. A new feature, which appears in ZFC-FC curves when the sample is thermally cycled 
at T < 400 K is the bifurcation of ZFC and FC magnetization {Figure 1b)}. This bifurcation appears 
for all three important crystallographic directions in the temperature range 325 – 335 K, depending on 
the direction of the applied magnetic field {Figure 1b)}. The question, if this bifurcation is connected 
with T1, or since it is 50 K below T1, one deals with an additional and independent magnetic effect, 
remains open. No additional anomalies were observed for temperatures below room temperature. 
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Figure 1: a) The ZFC-FC curves measured in temperature range 2 – 850 K for magnetic field applied 
along the a-axis. b) The ZFC (full symbols) and FC (opened symbols) curves measured along three 
representative crystallographic directions, but always cooled in magnetic field not from paramagnetic state, 
but from 400 K. In all cases, the applied magnetic field was 100 Oe.
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The M(B) curves measured at room temperature and at slightly elevated temperature (Figure 2) 
exhibit small hysteretic behavior. The coercive field (Hc) at 300 K is zero for magnetic field applied 
along (110) direction and 2.0(1) × 10-3 T for magnetic field applied along a-axis and 1.7(1) × 10-3 T 
for magnetic field applied along c-axis.  At 360 K, Hc is 2.4(1) × 10
-3 T; 1.9(1) × 10-3 T and 1.4(1) ×
10-3 T for magnetic field applied along (110) direction, a-axis and c-axis, respectively. Obtained 
values of Hc were found to be similar to the one reported for the SrCo2Ti2Fe8O19 thin films 
measurements [10], however they are smaller than approximately 6 × 10-3 T reported for the 
polycrystalline samples [9]. The remnant magnetization (Mr) determined at 300 K is within the 
experimental error zero; 0.22 μB/f.u. (1.08 Am2kg-1) and 0.11 μB/f.u. (0.54 Am2kg-1) for magnetic field 
applied along (110) direction, a-axis and c-axis, respectively. Mr determined at 360 K is 0.18 μB/f.u. 
(0.88 Am2kg-1); 0.10 μB/f.u. (0.49 Am2kg-1) and 0.04 μB/f.u. (0.17 Am2kg-1) for magnetic field applied 
along (110) direction, a-axis and c-axis, respectively. Mr at room temperature reported for the 
polycrystalline samples is 2.7 Am2kg-1 [9]. Higher Hc and Mr of polycrystalline samples is probably a 
particle size effect. Similar effects were reported from studies of particle size dependent magnetic 
properties of SrFe12O19 [4]. The difference between the coercivity values for polycrystalline and 
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Figure 3: Magnetization curves measured at temperature a) 500 K; b) 5 K. The insert shows the low field 
region in details.
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Figure 2: The magnetization curves measured at temperature a) 300 K; b) 360 K. In inserts the low field 
details are visualized.
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single-crystalline sample determines, whether one can use the single crystalline, or polycrystalline 
form of SrCo2Ti2Fe8O19 compound for the real application. 
Generally, the hysteresis loops at temperatures above T1 {Figure 3a)} display similar features as 
the hysteresis loops measured around room temperature (Figure 2). The main difference is a 
practically zero hysteresis and lower saturated magnetization. At lowest-reachable temperatures 
{Figure b)}, Mr amounts 2.5 μB/f.u. (12.25 Am2kg-1), 2.2 μB/f.u. (10.78 Am2kg-1) and 1.2 μB/f.u. (5.88 
Am2kg-1) for magnetic field applied along (110) direction, a-axis and c-axis and Hc amounts 57(1) ×
10-3 T, 15(1) × 10-3 T and 15(1) × 10-3 T for magnetic field applied along (110) direction, a-axis and c-
axis, respectively. 
Both, real (Ȥ’) and imaginary (Ȥ’’) parts of the AC susceptibility (Figure 4) exhibit a frequency-
dependent maximum, which occurs below 40 K in applied frequency 1 Hz and shifts to 77 K in an 
applied frequency of 884 Hz. The position of this feature shows very weak dependence on the applied 
DC field, in ZFC regime {cooling in zero field from T = 150 K, DC field applied at lowest 
temperature and measuring with increasing temperature; see Figure b); upper panel}. However, when 
measuring in field cooled regime {Figure b); lower panel} we have observed a significant suppression 
of the maximum from 48.3 K (applied field 0.025 T) to 39.8 K (applied field 0.15 T). This feature we 
associate with dynamics and the complexity of the magnetic structure of SrCo2Ti2Fe8O19. A linear 
dependence of log(f) vs. 1/T, which scales the position of the maximum in Ȥ’’(T) with temperature 
(Figure 3) indicates a thermally activated process. Such a process is typical either for spin-glass 
formation, or can be connected with domain wall movement [15]. The cusp in the temperature 
dependences of the in-phase susceptibility may provide an additional signal for the occurrence of 
either a superparamagnetic or a spin-glass state. These states slightly differ in relaxation times and 
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Figure 4: AC susceptibility measured with applied AC field amplitude of 2.5 Oe along a-axis a) 
frequency dependence in zero DC field; b) measured at frequency 1.11 Hz in applied DC field; upper panel: 
ZFC regime; lower panel: FC regime. DC fields are parallel to the AC field.
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therefore can be distinguished experimentally from the dependence of the cusp temperature Tmax on the 
driving field frequency. Here, the cusp position is defined as the inflection point in the temperature 
dependence of the out of phase susceptibility Ȥ’’(T). The data in the absence of a bias field and at the 
driving field amplitude of 2.5 Oe are then best fitted by the Vogel-Fulcher plot 
  
W ൌ W଴݁ݔ݌ ቀ େ்ି୘బቁ
where τ=1/f; τ0 is a characteristic time scale and C and T0 are constants. We have found a 
characteristic time scale τ0 § 10-15 s, which is typical for the conventional critical “slowing down” of 
the spin dynamics at a spin-glass transition. The effect of the applied DC field variation is commonly 
assumed to reduce the barriers that the system overcomes during the relaxation process through the 
Zeeman energy depending on the number of dynamically correlated spins. The here observed 
sensitivity of spin dynamics to cooling regime in a bias field should reveal further insight.  
4 Conclusions 
Magnetic studies of a SrCo2Ti2Fe8O19 single crystal revealed that the compound orders 
magnetically at 768 K, which is higher than magnetic ordering of the SrFe12O19 parent compound. 
Additionally, SrCo2Ti2Fe8O19 undergoes an order-to-order magnetic phase transition at T1 = 380 K. 
This transition is presumably from collinear magnetic structure at T > T1 to non-collinear structure at 
temperatures T < T1. The compound is magnetically almost isotropic around room temperatures with 
very low hysteresis with coercive field lower than 3 × 10-3 T and with remnant magnetization lower 
than 1 Am2kg-1 for magnetic fields applied along main crystallographic directions. At lower 
temperatures we have found frequency-dependent anomalies in a temperature interval 20 - 100 K. 
These anomalies are probably connected with a “slowing down” of the spin dynamics at a spin-glass 
transition, or with a movement of domain walls.  
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Figure 3: The results of fitting of frequency versus position of the anomaly in Ȥ’’ according to the relation 
log(f) vs. 1/T. 
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